A series of 1-alkyl-3-methylimidazolium hexafluorocomplex salts (C x MImAF 6 , x = 14, 16, and 18, A = P, As, Sb, Nb, and Ta) have been characterized by thermal analysis, X-ray diffraction, and polarized optical microscopy. X-ray diffraction and polarized optical microscopy suggested that the liquid crystalline mesophase has a smectic A 2 structure. The interlayer distance increases with decrease in the anion size since the smaller anion has a stronger coulombic interaction to the imidazolium headgroup, resulting in the decrease of interdigitated part to give a larger layer spacing.
Introduction
Ionic liquid crystals (ILCs) are composed of only ionic species and have anisotropic structural organizations, 1 which make them attractive as one-dimensional [2] [3] [4] or two-dimensional [5] [6] [7] ion-conduction materials to move a specific ion as well as anisotropic reaction media. Ionic liquids are attracting more and more attention as functional materials because of their unique characteristics such as wide liquid temperature range, negligible vapor pressure, and nonflammability. 8 Because of the widespread use of imidazolium-based ionic liquids with low melting point and low viscosity, imidazolium-based ILCs are frequently studied. 9 Thermal behavior of ILCs based on imidazolium cations with functional groups depends on the number of mesogenic units, mesogenic promoter, and counteranion. 10 Although a variety of functional groups such as a cholesterol group were coupled with the imidazolium cation to form liquid crystalline mesophase, 10 ILCs based on imidazolium cation with a simple alkyl chain are common in previous reports to examine the effects of alkyl chain and anion on physical properties. A series of 1-alkyl-3-methylimidazolium cations (C x MIm + ) with long alkyl chains were combined with various anions such as chloride (Cl -), 11 bromide (Br -), 12 tetrachlorometallate (MCl 4 -, M = Co and Ni), 11 trifluoromethylsulfonate (OSO 2 CF 3 -), 12 tetrafluoroborate (BF 4 -), 13 and hexafluorophosphate (PF 6 -). 14 The temperature range of mesophase observed for these salts increases with increasing alkyl chain length, although the alkyl chain length where liquid crystalline mesophase appears depends on the anionic species.
Although the C x MImPF 6 -type ILCs were studied by differential scanning calorimetry (DSC), polarized optical microscopy (POM), X-ray diffraction (XRD),
other C x MImAF 6 (AF 6 -= hexafluorocomplex anion) ILCs were not. Liquid crystalline mesophase appears with x = 14 in the case of C x MImPF 6 , and the temperature range of mesophase rapidly increases with increase in x. The cations of C 12 MImPF 6 and C 14 MImPF 6 in the crystalline phase show a "spoon-like" shape with the alkyl chains interdigitated to form nonpolar layers, separating the polar layers made up of imidazolium headgroups and anions. [14] [15] [16] In this study, a series of C x MImAF 6 salts (x = 14, 16, and 18, A = P, As, Sb, Nb, and Ta) were synthesized and characterized by DSC, POM, and XRD to systematically investigate effects of the alkyl chain length and anion size on their thermal and structural properties.
Results and discussion

Thermal Properties
All the obtained salts are white hydrophobic solid at room temperature and only C x MImNbF 6 is gradually hydrolyzed in the air even at room temperature. The AF 6 - anion is best identified by IR and Raman spectroscopy (Experimental Section and Figure S1 -S6). 17 Table 1 summarizes the DSC data (phase transition temperature, H,
and S) for all the C x MImAF 6 salts. Figure 1 shows the DSC curves of C 18 MImAF 6 .
Two endothermic peaks are observed in all the cases. The peaks at the lower and higher temperatures correspond to melting point (from crystal to liquid crystal) and clearing point (from liquid crystal to isotropic liquid), respectively. The relatively large H (and thusS) on melting indicates a large structural change, namely, the breakup of a three-dimensionally ordered crystal lattice. The small H (and thus S)
on clearing is mainly caused by the breakup of van der Waals interactions between the alkyl chains, which is reflected in the increase of H (and thus S) for clearing with the increase in x for the same anion. Similar phenomena are also observed for ILCs of C x MImCl, C x MImBr, C x MImBF 4 , and C x MIm(FH) 2 F. [12] [13] [14] 18 Either a small peak (C 18 MImPF 6 ) or a broad peak (C 18 MImAF 6 , A = As, Sb, Nb, and Ta) is observed in the crystalline phase below melting point, which is probably ascribed to conformational change of the alkyl chains (see the section of crystal structures below).
An endothermic peak corresponding to clearing point is also observed in the thermograms of C 16 MImAF 6 (Figure S11 Figure S10 , Supporting Information) in the heating process at the scan rate of 5 °C min -1 . It is noteworthy that a small exothermic peak was observed for C 14 MImPF 6 at 69.7 °C during the cooling process ( Figure 2 ). This transition temperature is nearly the same as that for melting in the heating process and they seem to overlap. The lower scan rate of 0.5 °C min -1 confirmed the liquid crystalline mesophase (Figure 2, inset) although the transition temperature was slightly lower than those reported in the previous work. 14 The other four C 14 MImAF 6 (A = As, Sb, Nb, and Ta) salts did not exhibit liquid crystalline mesophase even during the cooling process. Figure 3 shows the melting and clearing points of C x MImAF 6 as a function of the carbon number x and the radius of the central atom of AF 6 -. 19 Both the melting and clearing points increase with the increase in x or the decrease in the size of anion. The larger temperature dependence of clearing point than that of melting point results in the increase in temperature range of liquid crystalline mesophase with increase in x or decrease in the size of anion. The increase of melting point against x can be explained by increase of the van der Waals interactions between the alkyl chains, which leads to clearer separation of polar (imidazolium headgroup and anion) and nonpolar (long alkyl chain) regions. 13 When the size of AF 6 -is changed with the fixed cationic structure, the difference in temperature dependence of melting and clearing points reflects the strength of the interaction between the imidazolium headgroup and the anion. These trends suggest both the van der Waals interaction between the alkyl chains and the electrostatic interaction between the cation and anion have an effect to stabilize the liquid crystalline mesophase, and this also explains the phenomena that the alkyl chain length where liquid crystalline mesophases are observed depends on the anionic species in the cases of C x MIm salts. [11] [12] [13] [14] 18 Compared with symmetric 
Structural properties
The five kinds of C 18 MImAF 6 salts are isostructural with each other since the cation with a long alkyl chain dominates crystal packing, although a slight increase in cell volume is observed with increasing anion size. This is in contrast with the cases of a series of EMIm salts, where the PF 6 , AsF 6 , and SbF 6 salts belong to a monoclinic cell (space group: P2 1 /c) and the NbF 6 and TaF 6 salts belong to an orthorhombic cell (space group: P2 1 2 1 2 1 ). 23 The crystal structure of C 18 MImTaF 6 at -100 °C, which is shown in Figure 4 , is described here as a typical case. The packing mode of C 18 MImAF 6 is described as a layered structure of polar and non-polar domains. The sheets consisting of the imidazolium headgroups and TaF between -98 to 27 °C, the present diffraction studies at 25 and 55 °C propose a more detailed model. The best model obtained is shown as a schematic illustration in Figure   5 . The octadecyl chain which has a bent conformation at -100 °C adopts an all-trans conformation at 55 °C, whereas the electron density map obtained at 25 °C suggests mixing of the all-trans and bent conformation. This result suggests that the trans conformation is preferred near the melting point and the ratio of the trans conformation to the bent conformation becomes large as the temperature increases.
The solid-solid phase transition observed in the crystalline phase seems to result from such structural changes. It is notable that the ratios of the two conformers at 25 °C are different in the five cases and the solid-solid transition temperature is dependent on the anion size. Packing of the ions at low temperatures is tighter compared to those at or above room temperature, which is reflected to the increase in tilted angle of the alkyl chains with regard to the polar sheet. Since the imidazolium head groups and the anions are connected by ionic interaction in the polar sheet, and the alkyl chains are connected with each other by van der Waals interaction in the nonpolar sheet, such an increase of tilted angle leads to a conformation change of C7, C8, C9, and C10 atoms. The overlapped alkyl chain length (l over ) is also plotted (see Table S3 for calculation of l over ).
Sharper changes of some cell parameters, especially β, are observed between 25 and 55 °C (Table S1 and Table S3 , Supporting Information) directly corresponds to the number of the methylene group added. Figure 7 Cell parameters (a, b, and c) for C 18 MImAF 6 (A = P, As, Sb, Nb, and Ta) at -100 °C. The overlapped alkyl chain length (l over ) is also plotted (see Table S4 for calculation of l over ). (Table S4 , Supporting Information), with the only exception of SbF 6 . The overlapped alkyl chain length also increases with increasing anion size ( Figure 7 and Table S4 , Supporting Information). This observation means that the alkyl chains interdigitate more deeply as the anion becomes larger, which is probably due to the weaker cation-anion interaction and the larger alkyl chain interspacing caused by the larger anion. Bifurcation of the C-H···F bonds is observed for H atoms (H2 and H4) which interact with two F atoms (F1 and F5, F1 and F2, respectively) of TaF 6 -. Similar phenomena were also observed for the other C 18 MImAF 6 salts (A = P, As, Sb, and Nb). were observed for C 18 MImAF 6 and C 16 MImPF 6 , and were indexed as the (002) diffraction of the smectic layers (Figure 10 and S17). Measurements of the patterns of the liquid crystalline mesophase were difficult for C 16 MImSbF 6 , C 16 MImNbF 6 , and C 16 MImTaF 6 due to the relatively narrow temperature range of their mesophases. . 12, 18 The layer spacing decreases with increase in temperature, which is also indicative of smectic A 2 mesophase.
12,18
To our knowledge, all the 1-alkyl-3-methylimidazolium ILCs known today show the same type of liquid crystalline mesophase of smectic A 2 , since the bulky cation is much larger than the anion and dominates the type of mesophase for such ILCs. [12] [13] [14] 18 The layer spacing for PF 6 -and AsF 6 -is larger than that for SbF 6 -, NbF 6 -, and TaF 6 -, which can be explained by changes in the cation-anion interactions within the polar region. The bilayer structure interdigitates more deeply with decreasing cation-anion interaction due to the increase of thermal mobility of the cations, leading to the decrease of the layer spacing. Increase of the AF 6 -anion size results in the longer cation-anion distance and weaker cation-anion interactions, which facilitates the interdigitation of the alkyl chains and leads to the smaller layer spacing. The same trend observed in the crystal structure as shown above also supports this explanation. Similar phenomena were also observed for C 16 MImPF 6 and C 16 MImAsF 6 ( Figure S18 , Supporting Information).
Conclusions
Thermal and structural properties of 1-alkyl-3-methylimidazolium hexafluorocomplex salts, C x MImAF 6 (x = 14, 16, and 18, A = P, As, Sb, Nb, and Ta The product was dissolved in 20 mL of dichloromethane and the mixture was stirred vigorously overnight. The dichloromethane solution was separated from the precipitate (probably the potassium salt) by centrifugation, and dichloromethane was removed under vacuum at room temperature initially and then at 80 °C for 3 days.
Experimental Section
Anal. Calcd. for C 18 Integration, scaling and absorption corrections were performed using RAPID AUTO 2.40. The structure was solved using SIR-92 and refined by SHELXL-97 linked to Win-GX. Anisotropic displacement factors were introduced for all atoms except for hydrogen. The crystallographic data and refinement results of C 18 MImAF 6 are summarized in Table 3. 26 Table 3 Summary of crystal data and refinement results for C 18 MImAF 6 (A = P, As, Sb, Nb, and Ta) at -100 °C. 
